Although targeted delivery mediated by ligand modified or tumor microenvironment sensitive nanocarriers has been extensively pursued for cancer chemotherapy, the efficiency is still limited by premature drug release after systemic administration. Herein we report a highly blood-stable, tumoradaptable drug carrier made of disulfide (DS) bonded mPEG-(Cys) 4 -PDLLA micelles. Intravenously injected disulfide bonded micelles stably retained doxorubicin in the bloodstream and efficiently delivered the drug to a tumor, with a 7-fold increase of the drug in the tumor and 1.9-fold decrease in the heart, as compared with self-assembled (SA), non-crosslinked mPEG-PDLLA micelles. In vivo administration of disulfide bonded micelles led to doxorubicin accumulation in cancer cell nuclei, which was not observed after administration of self-assembled micelles. With a doxorubicin dose as low as 2 mg/kg, disulfide bonded micelles almost completely suppressed tumor growth in mice.
Introduction
Targeted delivery using nanocarriers has been studied for several decades with the goal of overcoming rapid clearance and non-specific toxicity of free drugs [1e3] . To date, size-controlled [4] , ligand-mediated [5] , and microenvironment-responsive [6] nanocarriers have been developed to achieve targeted drug delivery. However, only a few of these carriers are in clinical trials, and even the commercialized nanotherapeutics (e.g., Doxil Ò and Abraxane Ò ) are unable to completely prevent tumor regrowth or relapse after the treatment [7e9] . Therefore, it is necessary to revisit nanocarrier-based delivery strategy and rethink the key factors in the design of nanocarriers [10, 11] . As one of the representative nanocarriers, polymeric micelles have been widely used in cancer chemotherapy, owing to their high drug loading capacity and readily modifiable chemical structure [12, 13] . Amphiphilic block copolymers, composed of hydrophobic and hydrophilic chain blocks, self-assemble into micelle structure in aqueous solution [14] . Hydrophobic anticancer drug can be readily encapsulated inside of the micelle core, and a protective shell, such as a poly(ethylene glycol) (PEG) layer, can be used to shield the micelle from plasma protein opsonization [15] . Anticancer drug-loaded micelles have demonstrated a high tumor accumulation efficiency via the enhanced permeability and retention (EPR) effect, which results from the abnormalities of tumor blood and lymphatic vasculature [16] . However, recent studies have shown that self-assembled polymeric micelles lose their drug content immediately after systemic administration, mainly due to structural dissociation by blood components [17e19] . Thus, one of the most important "prerequisites" in the design of an efficient drug carrier is to stably retain the loaded drug in blood circulation before accessing cancer cells [20] . Another important factor is reduction of non-specific toxicity to healthy organs [21] . Without satisfying these requirements, targeted drug delivery strategies will have difficulty reaching the next level of clinical relevance.
We increase chemotherapeutic efficacy through the design and synthesis of blood-stable, tumor-adaptable micelles, by introducing disulfide bonds at the interface between the hydrophobic core and hydrophilic shell. The disulfide bond was selected due to the strength of its chemical bond (bond energy of w60 kcal mol À1 ), and its ability to cleave under reductive conditions [22, 23] . Inside the body, glutathione (GSH), a natural reducing agent of disulfide bonds, is known to have a substantially higher concentration (1e10 mM) in cytoplasm than in extracellular fluid (1e10 mM) [24, 25] . Moreover, the GSH concentration in some cancers was found to be about seven times higher than that in normal cells [26, 27] , possibly because GSH metabolism is not only associated with cancer development, but also with drug resistance [28] . We synthesized disulfide (DS) bonded methoxypoly(ethylene glycol)-(Cysteine) 4 -poly(D,L-lactic acid) (mPEG-(Cys) 4 -PDLLA) micelle, and via fluorescence resonance energy transfer (FRET) imaging, we characterized in vivo blood-stability and tumor-adaptability of disulfide (DS) bonded micelles as compared to self-assembled (SA), non-crosslinked mPEG-PDLLA micelles. Additionally, the antitumor activity of doxorubicin-loaded DS micelles in a M109 tumor xenograft mouse model was also investigated.
Materials and methods

Polymer synthesis and micelle preparation
Details on the synthesis of copolymers and their fluorescent conjugates can be found in the Supplementary information. mPEG-PDLLA (SA) and mPEG-(Cys) 4 -PDLLA (DS) micelles with DiO and DiI were prepared using the membrane dialysis method. Briefly, copolymers were dissolved in DMSO with DiO and DiI. After stirring for 30 min, the solution was repetitively dialyzed (MWCO3500) against degassed MES buffer (1 mM, pH 5.0), distilled degassed water, Tris buffer (1 mM, pH 8.5) with 0.1% (v/v) hydrogen peroxide, and distilled water in sequence for 4 days. The resulting solution was lyophilized. Doxorubicin (DOX) also was loaded in SA and DS micelles using a solvent evaporation method. Neutralized DOX by TEA in chloroform was added to the polymer solution in Tris buffer (1 mM, pH 5.7) while stirring. Using vacuum-evaporation of chloroform, DOX was encapsulated in the micelles. Untrapped DOX and TEA were removed by dialysis (MWCO 3500), and the solution was lyophilized.
In vitro stability tests
The fluorescence spectra of SA and DS FRET micelles at 200 mg/ml in various solvents were measured with excitation at 475 nm and emission scanning from 490 nm to 590 nm during incubation at 25 C or 37 C. The FRET ratio was calculated as follows:
where I DiI and I DiO were the fluorescence intensities of DiI at 570 nm and DiO at 508 nm.
The fluorescence spectra of DOX-loaded SA and DS micelles (containing the same concentration of DOX at 20 mg/ml) in various solvent conditions were measured at 470 nm excitation, and emission scanning from 520 nm to 700 nm during incubation at 25 C or 37 C. The recovery of DOX fluorescence was determined as follows:
where F W and F D were the integrated fluorescence emissions in water and DMSO with 100 mM DTT.
Mouse tumor models
All protocols for this animal study were approved by the Purdue Animal Care and Use Committee. M109 (2 Â 10 6 ) cells were subcutaneously injected in 6-weekold male BALB/c mice.
Real-time FRET imaging of blood vessels
SA or DS FRET micelles (500 mg/100 ml in PBS (pH 7.4)) were intravenously injected through the tail vein of a mouse. FRET imaging of blood vessels in the mouse's ear was carried out using a FV1000 confocal system (Olympus, Tokyo, Japan) equipped with a 40Â water objective (working distance: 3.3 mm) under inhalation anesthesia. FRET images were acquired with 488 nm excitation and spectral filters of 500e530 nm and 555e655 nm for DiO and DiI detection. Microspectroscopy at the pixels of a blood vessel was conducted using a spectral detector, with emission scanning from 490 nm to 590 nm. To remove signal variations caused by different vessel depths, the fluorescence intensities were rescaled into the same range for easy comparison of the spectral profiles.
FRET imaging of tissues
DS FRET micelles (1 mg/200 ml in PBS (pH 7.4)) were intravenously injected through the tail vein of a M109 tumor-bearing mouse. After 6 h, the mouse was sacrificed, and tissues were harvested. The tissues then were cross-sectioned using a vibration microtome without fixation. FRET imaging of sectioned tissues followed the same method using a FV1000 confocal system as described above.
Plasma pharmacokinetics
To determine pharmacokinetics, either DOX$HCl (at 4 mg/kg, 200 ml), DOX/SA micelle or DOX/DS micelle (at 4 mg DOX Equiv/kg, 200 ml) was intravenously injected into BALB/c mice through the tail vein using a catheter. A blood sample (2 ml) was collected from the tail vein at different time points post injection and mixed with K3-EDTA (0.5 ml, an anticoagulation agent) containing DTT (final concentration: 100 mM, a reducing agent). To extract DOX, acetone (6 ml) was added to the blood, vortexed, and then the solution was centrifuged (5000 Â g, 10 min). Fluorescence was measured using a microplate reader with excitation at 470 nm and emission at 590 nm. A linear standard curve of DOX ranging 6.25e0.1 mg/ml was created and used for measuring the concentration of DOX in blood.
Tissue biodistribution
DOX$HCl (at 4 mg/kg, 200 ml), DOX/SA(-Cy5.5), and DOX/DS(-Cy5.5) micelles (at 4 mg DOX Equiv/kg, with similar absorption intensity of Cy5.5, 200 ml) were intravenously injected into M109 tumor bearing mice. At 1 day after injection, the mice were sacrificed by transcardial perfusion with 10 mM PBS (pH 7.4) and the tissues and urine were harvested. Cy5.5 in the specimen was imaged by IVIS Lumina (Caliper Life Sciences, Inc., MA) with excitation at 640 nm and emission at 695e 770 nm. Quantitative analysis for the tissue distribution of micelles was carried out using Living Imaging Software (Caliper Life Sciences, Inc., MA). The tissues were then weighed and homogenized using a tissue grinder. To extract DOX, the tissue solution (50 ml) was mixed with acetone (150 ml) containing DTT (final concentration: 100 mM), and then the solution was centrifuged (5000 Â g, 10 min). Fluorescence of the supernatant was measured using a microplate reader with excitation at 470 nm and emission at 590 nm. After subtracting the auto-fluorescence, using the tissues in non-treated mice group, the concentrations of DOX in tissues were quantitatively determined based on the calibration curve of DOX in blood.
Antitumor effects
After reaching a tumor volume of w30 mm 
where a and b represent the major and minor axes of a tumor, respectively. The lengths of the axes were measured using a caliper. Tumor volume in each group was compared by relative tumor volume:
Relative tumor volume ¼ tumor volume/initial tumor volume before treatment.
Statistical analysis
Values are expressed as mean AE SEM, and statistical comparisons between groups were made using the Student's t-test and a P value of <0.05 was considered significant.
Results
Development and in vitro characterization of DS micelles
Disulfide cross-linkable block copolymer, methoxypoly(-ethylene glycol)-(Cysteine) 4 -poly(D,L-lactic acid) (mPEG-(Cys) 4 -PDLLA) was synthesized by incorporating oligo-cysteine 4 (CeCeCe C) into the inter-location between the mPEG and PDLLA blocks. This configuration maintains the protective function of PEG shell, and also permits stable encapsulation of a hydrophobic anticancer drug into the micelle core. We also prepared mPEG-PDLLA di-block copolymer as a control. Successful synthesis of the mPEG-(Cys) 4 -PDLLA copolymer was confirmed by 1 H NMR spectroscopy and GPC measurements ( Supplementary Fig. S1 ). As depicted in Fig. 1a , two different FRET micelles were prepared by physically loading a hydrophobic FRET pair (DiO and DiI) into the cores of both selfassembled (SA) and disulfide (DS) bonded micelles. Physiochemical characteristics of the FRET micelles were analyzed (Table S1 ). To validate the FRET micelles, fluorescence spectra of SA and DS micelles in deionized water and 80% (v/v) DMSO were measured ( Supplementary Fig. S2 ). For intact SA micelles in deionized water, the emission was dominated by the peak of DiI at 570 nm, with excitation of DiO at 475 nm. This spectral profile is due to the inter-molecular energy transfer between adjacent DiO and DiI in the micelle core [18, 29] . By adding DMSO, however, the emission peak of DiO at 508 nm increased dramatically, whereas the fluorescence intensity at 570 nm diminished. This is the result of the increasing distance between DiO and DiI due to structural dissociation of the SA micelles. Accordingly, the FRET ratio I DiI / (I DiI þ I DiO ) decreased from 0.92 to 0.26. In contrast, only a modest change in the fluorescence spectrum of DS micelles was observed after adding DMSO, with a decrease in the FRET ratio from 0.92 to 0.72. By placing the DS micelles in 100% (v/v) DMSO, however, the FRET ratio dropped to 0.26 due to the extraction of the probes from the DS micelle core by pure organic solvent. Nevertheless, DS micelles can maintain structural integrity better than SA micelles under organic solvent conditions. These results show that release of core-loaded molecules and structural decomposition can be monitored using FRET micelles.
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To examine the stability of micelles under physiological conditions, SA and DS micelles were suspended in 80% FBS solution and incubated at 37 C. The fluorescence spectra were then measured at different incubation times (Fig. 1b) . In the SA micelle spectra, the DiO signal at 508 nm increased extensively during the 120 min incubation period, whereas a huge decrease in the DiI intensity at 570 nm was found during the first 30 min, followed by small increase in the intensity with the maximum peak wavelength shifting from 570 to 565 nm. The initial drop in the intensity at 570 nm is likely due to burst release of the probes located at the interface between the hydrophobic and hydrophilic compositions in the micelles [30, 31] . Also, the release of self-quenched DiI in the micelle core can cause not only an increase in the intensity of the signal, but also a decrease in the maximum peak wavelength at the following stage [32] . In contrast, DS micelles showed negligible changes in the time-course spectra, other than the initial drop of DiI intensity at 570 nm after 30 min of incubation. However, the timeresolved spectrum of DS micelles in serum was dramatically altered through incubation with 10 mM GSH, in which case the spectrum profile became similar to that of SA micelles in serum. The timeresolved spectra were re-organized to show the FRET ratio as a function of incubation time (Fig. 1b, right) . During the incubation period, the FRET ratio I DiI /(I DiI þ I DiO ) of the SA micelles rapidly decreased from 0.95 to 0.63 due to structural dissociation by serum proteins such as globulines [18] , whereas the FRET ratio of the DS micelles in serum gradually reduced from 0.91 to 0.83. However, while incubating with GSH, the FRET ratio greatly dropped from 0.89 to 0.55, reflecting the release of hydrophobic probes from DS micelles mediated by cleavage of disulfide bonds. These results collectively show that DS micelles are not only stable in serum, but are also degradable by GSH.
We further tested the stability and reducibility of doxorubicin (DOX)-loaded micelles, utilizing the self-quenching property of DOX fluorescence. Excess DOX encapsulated in the micelle core triggers the self-quenching of DOX fluorescence, which can be used to investigate the structural changes undergone by the micelles [33, 34] . The characteristics of DOX-loaded micelles were detailed in Table S1 . The fluorescent intensities of DOX/SA and DOX/DS micelles in DMSO with 100 mM DTT were remarkably higher than those in water (Supplementary Fig. S3 ). In time-lapse spectra of DOX-loaded micelles in serum, the fluorescence intensity of DOX/ SA micelles significantly increased during the incubation period, while only a modest intensity change in the DOX/DS micelles was observed (Fig. 1c) . However, through incubation with 10 mM GSH, the fluorescence intensity of DOX/DS micelles was extensively elevated. These time-resolved spectra were re-organized as a function of percent recovery of DOX fluorescence (Fig. 1c, right) . After 9 h of incubation, there was a higher recovery observed for DOX fluorescence intensity of SA micelles (27%) compared to that of the DS micelles (13%), indicating a fast release of DOX by structural disintegration of the SA micelles in serum. Incubation with 10 mM GSH increased the recovery of DOX fluorescence intensity of DS micelles up to (20%), corresponding to cleavage of the disulfide bonds. These results show that the introduction of disulfide bonds significantly improved the stability of polymeric micelles, and thus efficiently retained anticancer drugs encapsulated in the micelle core under physiological conditions. Furthermore, under subcellular reducing conditions (GSH w 10 mM) [24] , the disulfide bonds can be reduced, allowing the release of anticancer drugs from DS micelles.
Stability of DS micelles during circulation
We next evaluated the stability of the micelles in blood circulation using in vivo real-time FRET imaging. SA or DS micelles were intravenously injected into mice through the tail vein, followed by FRET imaging of the blood vessels in the ear lobes (Fig. 2a,b) . At 15 min after injection of SA micelles, we observed not only the strong signal of DiO (green) but also the distinct fluorescence signals of both DiO (green) and DiI (red) on the blood vessel walls. In contrast, for DS micelles, only the signal of DiI (red) in the blood vessels was captured at the initial time point and there was no detectable fluorescence signal on the blood vessel walls. The spectra clearly showed signal changes during blood circulation ( Fig. 2a and b, right) . The FRET ratio I DiI /(I DiI þ I DiO ) of SA micelles in bloodstream rapidly decreased from 0.58 at 15 min-post injection to 0.51 at 1 h, 0.42 at 6 h, and 0.38 at 12 h. In contrast, the FRET ratio of DS micelles slowly reduced from 0.84 at 15 min-post injection to 0.77 at 1 h, 0.58 at 6 h, and 0.54 at 12 h. The low level of plasma GSH may have caused the sustained release of the hydrophobic dyes from the DS micelle core. Comparing the data above with the ratios of the micelles in water (0.92) and DMSO (0.26), SA micelles only retained less than half of the FRET efficiency at 15 min after injection, and had nearly complete loss of FRET at 12 h. On the other hand, DS micelles preserved higher FRET efficiency during the blood circulation time. This is consistent with the in vitro FRET results, in which DS micelles in serum maintained higher FRET ratios over the incubation time.
Furthermore, apparent fluorescence on the blood vessel walls indicates that DiO and DiI had been liberated from the SA micelles in the bloodstream, and were incorporated into the endothelial cell membranes. Lipophilic carbocyanine dyes, such as DiO and DiI, have been widely used to label the cell membrane [35] and visualize blood vessels [36] , owing to the direct interaction of their hydrocarbon chains and the membrane lipid bilayer [37] . DiO and DiI, which were encapsulated in the DS micelle core, however, could not contact the endothelial cell membrane, resulting in no fluorescent signal on the blood vessel wall. These results suggest that DS micelles can stably retain payloads in blood circulation, whereas SA micelles immediately lose their payloads after systemic administration.
Tumor-adaptability of DS micelles
The adaptability of DS micelles for the treatment of tumors was investigated by FRET imaging. At 6 h after the injection of DS micelles to M109 tumor-bearing mice, the main organs were harvested and sectioned, after which confocal FRET images were acquired. In the tumor tissue, the signal of DiI (red) was predominant in the tumor blood vessels, while a strong overlaid signal (yellow) of DiO (green) and DiI (red) was apparent in the cancer cells (Fig. 3a) . The high-magnification images clearly displayed the fluorescent signals of both DiO and DiI in a single cell. These observations are further evidenced by the spectra in the blood vessel and cancer cells (Fig. 3b) . The FRET ratios in the blood vessel and cancer cell were 0.66 and 0.31, respectively. This data implicates the different structural responses of DS micelles to the different micro-environments in the blood and cancer cell. Considering GSH content, cancer cells have a significantly higher concentration of GSH than the extracellular fluids [24, 26] . Therefore, it is probable that injected DS micelles stably circulated in blood, reached the tumor via extravasation, were internalized by cancer cells, and were then dissociated in the cells by intracellular GSH. In the FRET images of other tissues, the red fluorescence (DiI) was primarily observed, though weak yellow fluorescence was observed in the spleen and kidney, which is likely due to the disintegration of some DS micelles by splenic macrophages and glomerular filtration (Fig. 3c ). This result further shows that DS micelles remain stabilized through the reticuloendothelial system (RES) such as the liver and spleen, in which immune cells localize to eliminate exogenous organisms [38] .
Pharmacokinetics and tissue-distribution of DOX/DS micelles
To measure the retention time of anticancer drug in blood via micelle-mediated delivery, DOX$HCl, DOX/SA, and DOX/DS micelles were systemically injected to mice at the same dose of 4 mg/kg DOX and the plasma DOX concentration was measured as a function of time post-injection. One-or two-compartment pharmacokinetic model was used to fit the plasma concentrationetime profiles (Fig. 4a) . Pharmacokinetic values also were calculated based on these models (Table S2 ). The DS micelle-mediated delivery extended the plasma half-life of DOX to w11.6 h as compared with DOX$HCl (w0.05 h). Furthermore, the plasma AUC of DOX for DOX/ DS micelles (w92) was significantly larger than those for DOX$HCl (w0.52) and DOX/SA micelles (w40). The results show that DS micelles can extensively prolong the retention time of doxorubicin in blood.
To characterize tissue distributions of DOX and the micelles, we synthesized DOX-loaded, Cy5.5-labeled SA and DS micelles (DOX/ SA(-Cy5.5) and DOX/DS(-Cy5.5) micelles). Colocalization of fluorescence signals from DOX (red) and Cy5.5 (cyan blue) evidenced the encapsulation of DOX into the micelles (Supplementary Fig. S4 ). DOX$HCl, DOX/SA(-Cy5.5), and DOX/DS(-Cy5.5) micelles at the same DOX dose (4 mg/kg) were intravenously injected into M109 tumor-bearing mice. The tissue distribution of DOX at 1 day-post injection was spectrophotometrically determined after transcardial perfusion (Fig. 4b) . Importantly, the DS micelles delivered DOX to the tumor with around 19 and 7-fold higher concentration than DOX$HCl and DOX/SA micelle groups, respectively. Most DOX delivered by DOX$HCl or SA micelles was found in urine as a result of renal clearance. Equally important, the DS micelles reduced the concentration of DOX in heart by 1.5 and 1.9-fold as compared to the DOX$HCl and DOX/SA micelles (P < 0.001). This indicates that the use of DS micelle as a DOX carrier can minimize the possibility of DOX-associated side effects in the heart, such as cardiomyopathy and congestive heart failure [39] . This result also suggests that the maximum tolerated dose (MTD) of DOX can be increased through DS micelle-mediated delivery [40] . The tissue distribution of the micelles at 1 day-post injection was determined using near-infrared fluorescence (NIRF) imaging of Cy5.5 linked to the micelles, and the fluorescence intensity was quantitatively analyzed (Fig. 4c and d) . A strong signal for both SA and DS micelles was observed in the kidney, and we confirmed Cy5.5 fluorescence in the urine sample, reflecting renal clearance of the micelles. Notably, a higher intensity of SA micelles in the liver was measured as compared to DS micelles, implicating that the liver readily captured SA micelles, which had separated with DOX during blood circulation. In addition, the fluorescence intensity of DS micelles in the tumor was around 2-fold higher than that of the SA micelles. Together, these findings demonstrate that stable DS micelles in the blood circulation can not only substantially increase the tumor-target efficacy of DOX, but they can also decrease the possibility of side effects in the heart.
Antitumor activity of DOX/DS micelles
The antitumor activity of the micelles against subcutaneous M109 tumors was evaluated in Fig. 5 . DOX$HCl, DOX/SA, and DOX/ DS micelles with the same DOX dose of 2 mg/kg were systematically administrated at day 0 and 4. Although in vitro cytotoxicity testing didn't show any differences in antitumor activities ( Supplementary Fig. S5 ), only DOX/DS micelles significantly inhibited tumor growth in vivo, whereas DOX$HCl and DOX/SA micelles failed to prevent tumor growth. Moreover, no significant difference in antitumor activities was found between PBS, DOX$HCl, and DOX/SA micelles (P > 0.1). This is likely due to the low doses of DOX (2 mg/kg), as compared with the dose of 8e 10 mg/kg used for the treatment of M109 tumors in previous reports [41, 42] . Despite the low DOX dosage, our DS micelles demonstrated high antitumor activity. Histochemical examination of tumor tissues demonstrated that only the tumor treated with DOX/DS micelles had a strong TUNEL signal (green fluorescence), indicating a significant presence of apoptotic cells (Fig. 5c ). This data highlights the promising potency of DS micelles as a drug carrier for cancer chemotherapy.
Intracellular DOX delivery mediated by DS micelles
To further understand the higher chemotherapeutic efficiency of DS micelles, we assessed intracellular drug delivery in mice using DS and SA micelles. DOX and Cy5.5 for DOX/SA micelle were observed, while the distinct fluorescence of DOX (red) and Cy5.5 (cyan blue) in blood vessels and cancer cells for DOX/DS micelle were exhibited. Notably, the distribution image of DOX/DS micelles at a single cell level clearly revealed the colocalization of DOX (red) and the nucleus (green), and the existence of DS micelles (Cy5.5, cyan blue) in the cytoplasm. Markedly, the in vitro cellular uptake study showed no significant difference in intracellular DOX delivery between SA and DS micelles ( Supplementary Fig. S6) . These results collectively demonstrate that DS micelles are able to successfully deliver anticancer drugs to intracellular target organelle in vivo.
Discussion
Two great challenges associated with targeted drug delivery in cancer chemotherapy are low efficiency of drug delivery to tumor, and non-specific toxicity to healthy organs. Over the past decade, various functionalized nanocarriers have been developed, such as tumor microenvironment-sensitive (e.g. pH [43] and ions [44] ) and targeting ligand-conjugated nanocarriers [45] . However, without the guarantee of stability under physiological conditions, such nanocarriers could not overcome these challenges. Recently, a clinically relevant strategy to enhance the stability of nanocarriers through formation of disulfide bonds was introduced. Koo et al. tumor and cancer cells after reaching the cells by the blood circulation and extravasation? (iv) Can the carriers deliver an anticancer drug to subcellular target organelle? A major obstacle for elucidating these questions was the absence of appropriate techniques to investigate whether the nanocarriers remained intact after systemic administration. Imaging of fluorescently labeled nanocarriers can provide information on pharmacokinetics and biodistribution of the nanocarriers, but in using this method it is not obvious whether the fluorescent signals come from the intact nanocarriers. Therefore, there is no evidence that the anticancer drug was reasonably delivered to the tumor following the original hypothesis of nanocarrier-based delivery. Kazunori Kataoka and his group used the self-quenching of a core conjugated fluorophore to assess the intactness of poly(ethylene glycol)-b-poly(glutamic acid) (PEGbP(Glu)) micelles [44] . Their method requires additional chemical conjugation of a fluorophore, and hence may affect the physiochemical properties of the original micelles. Furthermore, the previous method, which relies on the intensity change at a wavelength, is limited in its ability to characterize the intactness of nanocarriers at different tissue depths, due to depth-dependent attenuation of fluorescence intensity.
In this paper, we physically loaded hydrophobic FRET probes to the micelle core. This method allowed us to spatiotemporally monitor the intactness of nanocarriers at different depths in blood vessels and tissues without additional chemical conjugation and normalization processes. Through FRET imaging, we clearly answered the questions raised above by showing that disulfide (DS) bonded micelles could (i) stably retain anticancer drugs in bloodstream, (ii) improve the blood-retention and tumor-target efficiency of anticancer drugs, (iii) structurally respond to tumor micro-environments, and (iv) deliver anticancer drugs to intracellular target organelle. These results highlight the utilization of FRET techniques for the structural characterization of nanocarriers.
It is important to compare our approach with other approaches in which drug delivery is mediated by a tumor-targeting ligand. Our study showed that reinforced stability of micelles in physiological conditions by disulfide bonding led to a 7-fold increase in DOX delivery to tumor, compared to SA micelles, without any additional modification such as ligand conjugation. Although various targeting ligands for cancer therapy have been applied to tumor-targeting drug delivery [48] , the enhancement of nanocarrier accumulation in tumors by the inclusion of targeting ligands is still a controversial issue. Several recent reports have shown only modest improvement in tumor accumulation using liganded nanocarriers as compared to nanocarriers without ligands [49, 50] . These results may be attributed to instability of the nanocarriers in physiological conditions, but not the bioavailability of the targeting ligands. Collectively, our data indicates that the stability of nanocarriers is the primary factor to be considered in targeted drug delivery. It is anticipated that ligand conjugation to stable DS micelles can further increase specific tumor-targeted delivery and therapeutic efficacy of anticancer drugs.
Conclusions
We have shown that our disulfide (DS) bonded micelles possess high stability in blood circulation and tumor-adaptability. These complementary properties significantly improved the retention time of DOX in blood and the target efficacy of the drug to tumor and cancer cell nucleus with minimum non-specific accumulation in heart, which consequently enhanced antitumor activity.
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